Abstract According to 2010 estimates from The National Institute on Deafness and other Communication Disorders, approximately 17% (36 million) American adults have reported some degree of hearing loss. Currently, the only clinical treatment available for those with severe-to-profound hearing loss is a cochlear implant, which is designed to electrically stimulate the auditory nerve in the absence of hair cells. Whilst the cochlear implant has been revolutionary in terms of providing hearing to the severe-to-profoundly deaf, there are variations in cochlear implant performance which may be related to the degree of degeneration of auditory neurons following hearing loss. Hence, numerous experimental studies have focused on enhancing the efficacy of cochlear implants by using neurotrophins to preserve the auditory neurons, and more recently, attempting to replace these dying cells with new neurons derived from stem cells. As a result, several groups are now investigating the potential for both embryonic and adult stem cells to replace the degenerating sensory elements in the deaf cochlea. Recent advances in our knowledge of stem cells and the development of induced pluripotency by Takahashi and Yamanaka in 2006, have opened a new realm of science focused on the use of induced pluripotent stem (iPS) cells for therapeutic purposes. This review will provide a broad overview of the potential benefits and challenges of using iPS cells in combination with a cochlear implant for the treatment of hearing loss, including differentiation of iPS cells into an auditory neural lineage and clinically relevant transplantation approaches.
Introduction
"Deafness is a misfortune: for it means the loss of the most vital stimulus-the sound of the voice that brings language, sets thoughts astir and keeps us in the intellectual company of man"-Helen Keller. Recent estimates from The National Institute on Deafness and other Communication Disorders, state that approximately 17% of American adults have reported some degree of hearing loss [1] . Shifts in lifestyle, an ageing population and reports of a so called "iPod generation" could all be contributing to the surge of people experiencing sensorineural hearing loss. The sensation of hearing is greatly underestimated until it is lost. Ultimately, hearing loss results in a reduced capacity to communicate due to an impaired ability to listen and respond to spoken language. Considering the fundamental role of communication in our society, individuals with an acquired hearing loss may experience reduced educational and vocational opportunities and restricted social interactions. Notably, individuals with a hearing impairment often exhibit signs of depression, withdrawal and insomnia [2] and have a higher incidence of subjective ill health and mental ill health [3, 4] .
The transmission of sound information to the brain occurs within a small, coiled structure in the inner ear, called the cochlea. The cochlea is embedded within the temporal bone of the skull and its size is disproportionate to the exceptional complexity of its structure and function. Thousands of sensory hair cells located within the cochlea, transmit sound information to the bipolar auditory neurons to which they are connected. Approximately 30,000 auditory neurons innervate the hair cells of the adult human cochlea [5] . The loss of sensory hair cells is a major cause of sensorineural hearing loss, and hair cells can be damaged or destroyed as a result of prolonged exposure to loud noise, aminoglycoside antibiotics, or simply as a result of ageing. Hair cell death results in the subsequent retraction of peripheral auditory nerve fibers away from the sensory epithelium due to the combined loss of neurochemical stimulation and trophic support normally provided by the hair cells [6, 7] . Therefore, any damage to the sensory cells of the cochlea causes a disruption in the normal pathway of sound transduction from the inner ear to the brain. Whilst animal models have depicted a clear link between hair cell loss and auditory neuron degeneration [8] [9] [10] , in human cases, auditory neurons have been shown to survive for longer periods following hair cell loss and peripheral fiber withdrawal from the sensory epithelium [6, 7] . The exact reasons for this disparity in the rates of auditory neuron degeneration may be due to several factors, including species dependent variables and/or differences in the mode and the severity of the lesion induced.
Unlike individuals with a partial hearing loss who may benefit from hearing aids and sound amplification devices, individuals experiencing severe-to-profound sensorineural hearing loss gain little to no benefit from such devices, due to the irreversible damage to sensory hair cells in the affected cochlea. That is, no amount of sound amplification is effective in improving hearing for these individuals. The only routine clinical treatment for this severe degree of hearing loss is a cochlear implant. This neural prosthesis was first conceived in 1790 by Alessandro Volta using a simple metal rod-50 Volt circuit, which was developed into a complex device comprising an external microphone, speech processor, transmitter and an internal receiver, stimulator, and an array of 22 electrodes which are implanted into the cochlea. The implant is designed to bypass the non-functional component of the damaged auditory system, the hair cells, thereby restoring the pathway of sound transduction to the brain.
The prime candidates for cochlear implantation have severe-to-profound sensorineural hearing loss (70 dB or worse according to current US Food and Drug Administration guidelines) in both ears, with a functioning auditory nerve, and do not benefit from any kind of hearing aid. Almost all profoundly deaf patients report some benefit after receiving cochlear implants, however the degree of such benefits vary substantially between individuals. This variability is reportedly due to factors including (but not limited to) the duration of deafness prior to implantation [11] , age of implantation [12] , etiology, and experience with the device [13] . Cochlear implant recipients usually have the capacity to communicate effectively using speech, but their open set (novel, standardized) sentence recognition is 60% or less in the best aided conditions [14] . Given the variability of the benefits acquired by individuals using cochlear implants, current research has been directed towards biological improvement (e.g. nerve regeneration) to help improve patients' experience with the device.
Advances in electronics and electrical engineering, surgical techniques and pharmacological agents have all contributed to enhancing the efficacy of the cochlear implant over the past 30 years. Given the importance of auditory neurons in relaying sound information to the brain in both normal hearing and cochlear implant recipients, it is not surprising that there are now several emerging therapies for their ongoing preservation and regeneration. Current research strategies are directed toward both the sustained delivery of neurotrophic molecules into the cochlea, and the potential of gene therapy and cell transplants to restore or replace the degenerating sensory elements after deafness. Considering the often lengthy delay between the loss of hearing and clinical treatment, preservation of the function and population of auditory neurons has been identified as important in further improving the benefits derived from a cochlear implant [15, 16] , and this will be the primary focus of the following discussion.
The Correlation Between Auditory Neuron Survival and Patient Outcomes with a Cochlear Implant
In the inner ear, the auditory neurons play a critical role in relaying auditory information from the mechanosensory hair cells to the cochlear nucleus in the brainstem [17] . Being the target neurons for the cochlear implant, preservation of the auditory neuron population is the most obvious approach to enhance the efficacy of this electrical device. Though it seems logical that greater numbers of auditory neurons might result in improved outcomes for cochlear implant recipients, this is a controversial topic, and both sides of the argument warrant further consideration.
Animal studies clearly demonstrate a correlation between duration of deafness and auditory neuron loss [18] , and morphological analyses have reported demyelination, retraction of peripheral processes and apoptosis of auditory neurons after sensorineural hearing loss [19] . These morphological changes are accompanied by reduced electrically evoked compound action potentials [20] , reduced electrically evoked auditory brainstem response amplitudes [18] , shorter latencies in single nerve fibers [18] and diminished responsiveness of auditory neurons to stimulus currents at high rates of electrical stimulation [21] . Additionally, animals deafened for a long period of time (>52 weeks) showed higher auditory thresholds and prolonged absolute refractory periods following electrical stimulation of the auditory nerve, compared to normal hearing and short-term deafened controls [22] . Although these animal studies have shown that deafness results in both significant morphological changes and perturbations to auditory nerve fiber responses to intracochlear electrical stimulation, some human studies have shown contrary results.
Interestingly, histological analyses of human temporal bones have reported no correlation between the number of surviving auditory neurons and the degree of sensory cell degeneration following sensorineural hearing loss [23] [24] [25] . Fayad and colleagues reported no significant difference in auditory neuron survival between implanted and nonimplanted (contralateral) cochleae (n=8), despite the absence of both hair cells and peripheral processes in these deaf cochleae [23] . Cochlear reconstruction analyses from human temporal bones have also reported that a complete loss of hair cells in the base of the cochlea is not accompanied by a proportional loss of auditory neurons in the modiolar base [24] . Whilst absolute numbers examined tend to be low, findings correlating clinical performance history with histological data are understandably appealing, given their potential to help elucidate the importance of auditory neural survival on cochlear implant performance in humans [n=8 [23] ; n=4 [24] ]. Future studies using larger cohorts of subjects will assist in further clarifying this relationship.
The conflicting data obtained from human and animal studies could partly be explained by differences in the relative lifespan of auditory neurons in humans and small mammals. For example, human auditory neurons may have a longer lifespan compared to animals due to their clustering propensity. The reduced intercommunication between the neurons with neurites or other auditory neurons allows for greater trophic support and longer neuronal life span [26, 27] . Conversely, it could be argued that the shorter life span of auditory neurons in experimental animals compared to humans may account for the faster cellular degeneration seen in animal models [24] . Calculation of the time interval between the time of hair cell loss and auditory neuron loss in these animals was a fraction of their life span whereas in humans this degeneration with age does not occur to the same extent or rate [24, 25] . It is crucial that the differences in physiology and relative life span of auditory neurons in humans verses experimental animals is addressed prior to clinical translation of any auditory neuron replacement/regeneration therapy.
A further difficulty in addressing this controversial question is that clinical studies are unable to provide all the necessary controls in the way the animal studies are able to. More specifically, these clinical studies do not take into account the performance of any given individual, should they have a greater complement of auditory neurons [28] . Whilst animal models can provide the appropriate controls for experimentation, they are not human, and the physiological differences between the two (namely the very slow degeneration of the human auditory nerve in comparison to the rapid degeneration observed in experimental animals) may have significant consequences for therapies aiming to improve clinical outcomes for cochlear implant recipients. Of course there are also inevitable differences in counting methodology, fixation methods, and histological processing between studies, and all of these variables may add to the differences observed between animal and human specimens. Collectively, what seems reasonable to propose, is that there are a certain number of auditory neurons that are required for the cochlear implant to function, and whilst unlikely to be the sole determining factor in cochlear implant performance, a healthy population of auditory neurons with functional central connections is likely to contribute to improving clinical outcomes with this neural prosthesis.
The varying outcomes with a cochlear implant suggest that exact performance indicators are yet to be elucidated, and considering that patients with cochlear nerve aplasia do not benefit from electrical stimulation, it is likely that numbers of auditory neurons are key [25] . It is reasonable to assume then, that a good functional outcome using a cochlear implant is dependent on several factors, including (but not limited to) the density and integrity of auditory neurons along the length of the cochlea, proximity of the cochlear electrodes to the neurons, the delivery of electrical current to the residual population of neurons, and the extent of degeneration of central connections in the central auditory pathway after a long period without auditory input. If the latter was true, the importance of the peripheral elements would be removed altogether. Considering the evidence, it seems likely that the number of surviving auditory neurons plays an important role in the performance of the cochlear implant, however this role is (as yet) unknown and the overall outcomes with this device are likely to be influenced by several other factors.
Stem Cell Therapy for Cochlear Implant Recipients
Factors such as the number and integrity of surviving auditory neurons, the health of their central connections, and the proximity of cochlear electrodes to neurons is likely to affect overall performance with a cochlear implant [29] . Therefore the use of stem cells to replace the lost auditory neurons and improve their central connections is an approach which may one day be utilized to enhance performance of the cochlear implant, particularly next generation cochlear implants. The use of stem cells for cochlear rehabilitation has been investigated by several groups, for both the replacement of hair cells [30] [31] [32] [33] and auditory neurons . The major challenge of stem cell therapy in the cochlea is to replace damaged or lost cells, without disturbing the delicate cochlear architecture or damaging any residual hearing function [56] . The success of this therapy will therefore require overcoming several major obstacles including [1] the differentiation of cells into the appropriate phenotype (Fig. 1) ; [2] the precise delivery of cells into their target site in the cochlea (Fig. 2) ; [3] their prolonged survival after transplantation and [4] their ability to form functional and tonotopic central connections [16, 37] .
Several stem cell types have now been delivered into the inner ear for the replacement of auditory neurons, including bone marrow stem cells [35, 49, 57] , neural stem cells [31, 34, 41, 47, 53, 55] and embryonic stem cells [ESCs; [34, 37, 39, 40, 43, 45, 46, 51, 52, 54, 58] . In addition, stem or stem-like cells including neural stem cells [31, 53, 55] , olfactory bulb precursor cells [59, 60] and dorsal root ganglia [38, 61, 62] have been used to enhance the survival of endogenous auditory neurons, by means of their secretion of trophic factors and/or their expression of a supportive protein matrix. Whilst appealing for promoting auditory neural survival, the following discussion will be focused on auditory neural replacement, including techniques used to derive auditory neurons from human embryonic stem cells (hESCs) and how these may be applied to induced pluripotent stem cells (iPS cells) for neural replacement strategies in the deaf cochlea.
Directed Differentiation of Stem Cells into Auditory Neurons
There are four main stages involved in neural differentiation: neural induction, expansion, maintenance of neural progenitor stem cells and their differentiation into neurons and glia. The most essential step is identifying and replicating the intrinsic and extrinsic factors which determine cell fate choice to attain the specific phenotype of interest for stem cell transplantation. It is proposed that by mimicking normal auditory developmental conditions and applying the essential cues, stem cells may be induced to differentiate into auditory neurons [63] .
Normal Development of Auditory Neurons In Situ
In order to successfully differentiate stem cells into an auditory neural lineage, we need to consider their differentiation during development (Fig. 1) . The sensory auditory neurons of the cochlea, or spiral ganglion neurons as they are more technically termed, arise from the otic placode during development. This specialized cranial placode develops from a thickening of the ectoderm (posterior placodal region or Pax2-positive precursor domain) in the dorsal hindbrain, which invaginates to form individual, more specialized placodes [64] . Diversification of the thickened posterior placodal area into individual placodes comprised of pseudostratified epithelia, is induced by activation of the fibroblast growth factor signaling pathway, followed by Wingless (Wnt) and bone morphogenetic protein (BMP) signaling [65] . These inductive cues which are intrinsically programmed during development are pivotal for the formation of specialized regions to generate the appropriate cell types. All sensory cells including hair cells, auditory neurons, vestibular neurons and supporting cells that comprise the inner ear are derived from the otic placode via a number of timed interactions and defined differentiation steps. Invagination of the otic placode results in the formation of an enclosed spherical region known as the otic vesicle, which develops in close proximity to the hindbrain and notochord [66] . The patterning of the otic vesicle is established by the formation of anterior-posterior and dorsoventral axes during development [67, 68] . The non-sensory posterior region is marked by the expression of Tbx1 [69, 70] and Lmx1a [71, 72] whilst the proneurosensory anterior region is marked by the expression of Lunatic fringe [73] , Sox2 [74, 75] and Eya1 [76] . The pro-neurosensory region is further subdivided into a neurogenic and pro-sensory region which divides the cell lineage towards either auditory or vestibular neurons, or hair cells and supporting cells [77] [78] [79] . Similar to many other neural systems, the development of the inner ear is regulated by local expression of defined transcription factors and basic helix-loop-helix proteins which are crucial for neural differentiation [80] . More specifically, the expression of the basic helix-loop-helix gene Neurogenin-1 (Neurog1) in auditory neuronal precursors has been shown to be the earliest event in the generation of auditory neurons [46, 77, 81] . This is followed by the expression of NeuroD1, Brn3a, and GATA3, before these precursors delaminate away from the otic placode [ [46, 77, 80, [82] [83] [84] [85] [86] [87] ; Fig. 1 ]. It is likely that an interaction between these factors influences the specification of distinct cell types in the cochlea; for example, Sox2 is reported to interface directly with Eya1 in the pro-neurosensory domain, and influence precursor cells towards either a neural or sensory lineage by upregulating the expression of Atoh1 [74, 88] . Continued expression of Sox2 has been shown to upregulate NeuroD1 and antagonise Atoh1, therefore implicating mutual exclusivity of the mechanosensory and neural lineage differentiation process [78, 89, 90] . Clearly, timing is a critical factor in auditory neurosensory cell specification and this may be difficult to mimic precisely in vitro, therefore it needs to be carefully addressed when designing different experiments.
Importantly, the mammalian cochlea contains two subtypes of auditory neurons and these have different functional roles and apparent differences in anatomy [17] . Type I auditory neurons are bipolar, myelinated and comprise nearly 90% of the total auditory neuron population. Comparatively, Type II auditory neurons are bipolar, smaller and unmyelinated [17] . The afferents of Type I auditory neurons converge on inner hair cells whereas the Type II auditory neurons diverge on outer hair cells. As Type I neurons are the primary neurons for the conversion of sound information to electrical signals in the brain, replacement of these neurons is the most obvious approach to enhance cochlear implant efficacy.
Several approaches have been undertaken by researchers to differentiate hESCs and iPS cells into an auditory neural lineage in vitro prior to transplantation, and these will be discussed in detail below.
Challenges for Stem Cell Differentiation into Auditory Neurons
One of the most challenging aspects for auditory neural replacement therapy is the lack of a single specific marker which can be used to identify auditory neurons. As such, auditory neurons are often characterized by their bipolar morphology and a cohort of known markers, such as those described in Fig. 1 . Whilst immunochemical labeling is the standard way to characterize this cell phenotype, it is possible that a similar (but not identical) population of neurons could be identified using this method. There is therefore a need to consider further methods of characterization, for example electrophysiological and membrane properties, to determine an auditory neural phenotype. Moreover, it will eventually be important to distinguish between Types I and II stem cell-derived auditory neurons, and these two populations can be separately identified by their expression of peripherin [91] or RT-97 [92] , which are exclusively expressed in Type II auditory neurons in the mature cochlea. Another recently identified marker for Type II auditory neurons is Prox1, which is expressed during inner ear development and has a role in directing the outgrowth of Type II neuronal fibers [93] . As our knowledge of auditory development continues to expand using both molecular profiling [94] and detailed electrophysiological approaches [95] , we will undoubtedly have access to further cell-specific markers. Ideally we would one day gain access to a single auditory neuron-specific marker, thereby facilitating more thorough characterization of differentiated stem cell phenotypes via different induction protocols.
Differentiation of Human Stem Cells into Auditory-like Neurons In Vitro
To date, there have been several reports describing the directed differentiation of murine ESCs into auditory-like neurons [42, 46, 63, 96, 97] but few studies have focused on human stem cells [52, 98] . A recent study conducted by Chen and colleagues, examined a population of human fetal auditory stem cells (characterized by their expression of Oct4 and Sox2) for their potential to differentiate into auditory neurons in vitro [98] . The cells were dissociated using trypsin and neuronal differentiation induced by treatment with different combinations of growth factors such as basic fibroblast growth factor, epidermal growth factor, and insulin-like growth factor. Combined treatment with sonic hedgehog and basic fibroblast growth factor was reported to be the most efficient to induce neuronal differentiation in these adherent cultures. The neurons obtained in this manner expressed NeuroD1, Brn3a, β-tubulin III, Neurofilament 200 KDa and Parvalbumin and showed similarities in their electrophysiological properties to Type I auditory neurons [98] . The use of human fetal auditory stem cells for differentiation into auditory neurons is a novel and efficient approach. As the cells are already predestined towards an auditory lineage, recapitulation of the steps of development can be achieved more efficiently. However it should be noted that these cells are limited in their supply for cell replacement, and issues relating to mismatches between donor-host tissue would need resolving before these cells could be used clinically.
Human ESCs and iPS cells are more accessible compared to fetal-auditory stem cells, however their pluripotency poses a greater challenge for their specific differentiation to auditory neuronal lineages. Culturing hESCs cells with varying combinations of growth factors and proteins has been shown to produce functional auditory-like neurons which can be expanded in vitro prior to transplantation [52, 98] . For example, addition of BMP4 to neural progenitors derived from hESCs was shown to produce sensory neurons [52] . A cohort of markers was used to analyze differentiated hESCs in these experiments, including the early markers NeuroD1, Brn3a, GATA3 and Ntrk2/3. This study was notable given it was the first to convincingly show the capacity of hESCs to be converted to auditory-like sensory neurons [52] . In addition, the authors reported the presence of synapsinpositive contacts between hESC-derived neurons and hair cells when these two cell types were co-cultured in vitro, demonstrating their potential for synaptic reconnection. Similar work using mouse ESCs treated with retinoic acid and BMP4 illustrated that greater numbers of sensory-like neurons were produced in comparison to controls, as evidenced by greater expression of peripherin, NTrk2 and βIII tubulin proteins after a total of 16 days in culture. This further supports a role for BMP4 in directing the differentiation of specified neural precursors toward a sensory neural fate [96] .
As already noted, auditory neurons are derived from the otic placode and to date there are no published differentiation protocols which have shown the derivation of placode-like cells from ESCs. An alternative method of deriving auditory neurons in vitro may be achieved by manipulating cell culture protocols designed to produce similar cell populations, for example neural crest precursors [99] . There have been several studies published which have shown efficient generation of crest-like progenitors from hESCs [100] [101] [102] [103] , and both crest and auditory neural progenitors share common molecular and phenotypic profiles during development, including some common genes required for their specification such as Sox9 [104, 105] , Brn3a [106, 107] and Ntrk2/3 [108] [109] [110] [111] [112] [113] [114] . Given their close association during development, these cultures may already contain auditory-like precursors, which may be enriched for using combinations of relevant proteins (like the BMPs) and small molecules.
In summary, neural specification towards a specific cell lineage needs to be precisely controlled by ensuring the appropriate mitogen concentrations are applied at the precise time and mimicking the precise patterning signals during embryonic development. Translation of these findings from hESCs to iPS cells, will represent the next era in stem cell science.
Differentiation of Human iPS cells into Auditory like Neurons In Vitro
Although ESCs have received much attention due to their capacity to differentiate into any cell type, the discovery of iPS cells which could be patient-matched and bypass the need for immune-suppression, has triggered excitement in the field of stem cell therapy [115] . In addition, iPS cells are not limited by the ethical constraints associated with the use of hESC lines. Induced pluripotent stem cells were first produced by reprogramming mouse fibroblasts, through transgenic expression of critical pluripotent transcription factors such as Oct3/4, Sox3, c-Myc and Klf4 under ESC culture conditions [115] [116] [117] [118] . Preliminary results have shown that iPS cells behave in a similar manner to hESCs, and importantly, are electrically active following neural induction [119] . There is therefore an opportunity to investigate the potential of iPS cells to repair damaged systems, and the auditory system is one for which this new cell therapy may be considered. The availability of iPS cells is unlimited and they have the potential to be manipulated in vitro to obtain cells of the required lineage. Importantly they can be patient-matched, thereby averting the problem of immune rejection and have the capacity of being produced on a large scale.
To date, there is one published report describing the differentiation of mouse iPS cells towards an auditory neural lineage [48] . In this study, iPS cells were derived from mouse tail skin fibroblasts by retroviral transduction of Klf3, Oct3 and Sox2. Neural induction was then achieved by co-culturing the iPS cells on a feeder layer of bone marrow-derived PA6, initially described by Kawasaki and colleagues [120] . Following neural induction, iPS cellderived neural progenitors were co-cultured with mouse cochlear explants to assess their ability to form synapses with hair cells. The authors observed iPS cell-derived neurites extending towards auditory hair cells, and these processes expressed synapsin, indicating their potential to make pre-synaptic terminals. The iPS cell-derived neural progenitors were transplanted into the mouse cochleae, and although~50% of donor cells survived after 1 week of transplantation, only 2.3% of the iPS cell-derived neurons expressed VGLUT1, a glutamergic neural marker and a characteristic feature of both auditory and vestibular cochlear neurons (Fig. 1) . Whilst these findings are promising for possible iPS cell therapy within the cochlea, the molecular basis and neural inducing factors provided by PA6 stromal cells still requires further investigation. A more thorough characterization of several auditory neural markers and electrophysiological properties is therefore warranted in future experimentation [48] .
Challenges for Stem Cell Transplantation in the Cochlea

Optimizing Stem Cell Survival Following Transplantation into the Deaf Cochlea
The obvious major challenge for combined stem cell therapy with a cochlear implant involves optimizing transplanted cell survival in the inner ear to promote functional recovery. Improving the numbers of stem cell-derived neurons in the cochlea may be achieved by selecting the most appropriate route, site of cell delivery and identifying the stage of differentiation at which cells should be delivered in vivo. In previous studies, exogenous stem cells have reportedly survived in the inner ear for periods of between 3 and 13 weeks, following their delivery into the scala tympani [38, 39, 41, 42] . Whilst cell survival was reported, only limited numbers of cells were detected within the target site, Rosenthal's canal, following delivery into the scala tympani [121] . As such, more recent transplantation techniques for auditory nerve regeneration have focused on the delivery of cells directly into the modiolus [35, 55, 58] or auditory nerve [34, 43, 50, 51, 122] . Whilst a more difficult and potentially damaging surgical approach, it confers the additional benefit of providing a three dimensional microenvironment which facilitates further cell growth and differentiation following transplantation, compared to the fluid-filled scala tympani. A summary of these approaches is illustrated in Fig. 2 .
The stage of differentiation at which stem cells are transplanted into the cochlea is also likely to have an effect on their long term survival and integration into the endogenous auditory system. Generally speaking, there are two broad approaches that have been investigated in terms of the differentiation status of stem cells delivered into the cochlea for neural replacement. The first describes the transplantation of cells completely differentiated in vitro to a neural phenotype. The main advantage of this approach is the ability to manipulate and monitor the differentiation of stem cells, thereby ensuring a high population of neurons can be transplanted. In a recent study, NeuroD1 expression was induced in mouse ESCs followed by culturing the cells in GDNF and BDNF prior to transplantation [46] . It was illustrated in these experiments that cells differentiated in this manner prior to transplantation, were capable of survival in the deafened mammalian cochleae. In addition, a small percentage of transplanted cells were found to be glutamatergic, the same neurotransmitter phenotype which is expressed in mature auditory neurons. The study reiterated a primary challenge in this field, which is to ascertain whether the neurons generated are both auditory in phenotype and also functional in nature [46] .
Transplantation of partially differentiated stem cells or committed progenitors into the inner ear is a second approach that has been investigated. This technique may be advantageous as stem cells are exposed to endogenous cues from the cochlea. In addition, growth factors and other supportive molecules can be applied in vivo allowing growth of undifferentiated stem cells and promoting integration into the new environment. However in this case, it needs to be noted that individual variability in cochlear pathology will influence the differentiation process of cells and may exert varying effects on their functionality. Moreover, this strategy is built on the presumption that cues from the cochlear environment are sufficient to direct undifferentiated cells into functional auditory neurons, which may not always be the case in a fully developed (adult) and deaf cochlea. This observation is supported by findings illustrating that implantation of a heterogeneous mix of cells showed greater survival in cochleae treated early post injury, compared to late [45] . More generally, the study highlighted the importance of the timing of cell implantation in optimizing stem cell survival in vivo.
As most of the stem cells used to date have not been of an otic origin, some researchers have focused their attention on stem cells obtained from fetal cochleae [98, 123] or cochlear neuroblasts [97, 124] derived from embryos. The otic origin of these cells means that they possess the intrinsic capacity to differentiate into either auditory neuralor hair cell-like cells. Whilst promising in terms of both drug toxicity assays and normal development, the clinical translation of these findings could be difficult due to a limited availability of these cells for transplantation and their likely requirement for ongoing immune-suppression. Nonetheless such experimentation could provide proof-ofprinciple data to support the feasibility of developing cellbased therapies in the cochlea, and iPS cells could later provide an ongoing source of replacement cells that are not rejected.
As described previously, PA6-treated mouse iPS cells transplanted into mouse cochlea were shown to functionally integrate and differentiate into auditory-like neurons [48] . However, it needs to be noted that these cells were transplanted into animals with normal hearing; therefore the impact of cochlear pathology and functionality of the auditory-like neurons formed requires further investigation in a clinically relevant model [48] . The differentiation of iPS cells into committed auditory neural progenitors is desirable, as it potentially permits in vivo differentiation and integration, whilst minimizing the risk of tumor formation [48] . Notably, post-mitotic (committed) precursors have shown better integration, differentiation and synaptic connectivity following their transplantation into the adult retina, in comparison to proliferating progenitors or stem cells [125] . This study highlights the importance of identifying the optimal stage of differentiation for donor cells, in order to facilitate functional integration into the damaged nervous system.
Developing Delivery Strategies to Preserve Endogenous Neurons
Delivery of cells into the cochlea has proven to be very difficult as it requires accurate surgical precision to avoid damaging the intracochlear structure and jeopardizing residual hearing. As noted earlier, the routes for cell delivery into the cochlea include injection into the fluid filled scala tympani [38, 39, 41, 42] , the central modiolus [35, 55, 58] , the auditory nerve [34, 43, 50, 51, 122] or directly into the target site Rosenthal's canal [ [35, 45, 121, 126] ; Fig. 2 ]. Delivery of cells into the scala tympani via a cochleostomy in the vicinity of the round window during cochlear implantation was originally the most frequently used delivery route. Though complimentary in terms of cochlear implant surgery, this delivery technique results in widespread dispersal of transplanted cells throughout the cochlea and to regions distal to the target site [39] . Alternatively, the modiolar approach gives direct access to the neural elements of the cochlea, but this approach tends to induce a more vigorous tissue response as it may involve perforating the thin bony modiolar wall inside the cochlea.
If not performed correctly, it can also cause damage to the auditory nerve, which is most undesirable. Finally, a few studies have delivered stem cells direct into the Rosenthal's canal [35, 45, 121] . Whilst surgically challenging, this approach offers a more targeted strategy to replace the neurons in the base of the cochlea. The drawback is similar to the modiolar approach in that the technique involves the perforation of the bony modiolus, and consequentially initiating an inflammatory tissue response, and potentially further loss of auditory neurons [126] . A small number of transplanted cells can also be found in the scala tympani following this approach [45, 121] . Collectively, these data indicate the importance of developing an accessible and non-invasive route for stem cell delivery to access the auditory nerve, before this therapy could be implemented clinically.
Functional Connectivity of Transplanted Stem Cells
Potentially the most challenging issue awaiting resolution is whether stem cells co-transplanted with cochlear implants can morphologically and functionally integrate into the deafened cochlear environment to improve hearing. The formation of functional synapses between implanted stem cell-derived neurons and cochlear nucleus neurons is crucial for meaningful auditory processing. Interestingly, abnormalities in synaptic ultra-structure have been described in brainstem of the congenitally deaf mammalian cochlea, specifically at the large axosomatic endings of myelinated auditory nerve fibers, also known as endbulbs of Held [127] . Expanded post-synaptic densities, reduced synaptic vesicles and branching have been observed in endbulbs of these animals, resulting in disrupted synaptic transmission [127] . Importantly, these ultra-structural changes were observed to be reversible following electrical stimulation from a cochlear implant [128] ; however, this synaptic plasticity was not observed in ototoxically deafened animals treated in the same manner even though the post-synaptic density size was preserved [129] . Moreover, restoration of the tonotopic mapping of the auditory cortex is observed in neonatally deafened animals receiving electrical stimulation from a cochlear implant. A subsequent study has shown that electrical stimulation from cochlear implants restores afferent inputs from auditory neurons towards the tonotopically organized primary auditory cortex in deafened animals [130] . In summary, these data illustrate the positive influences of chronic electrical stimulation in the cochlea in terms of synaptic reorganization, particularly its influence on neuron fibre direction and synaptic patterning. In order to develop this into a beneficial therapy for hearing loss, central connectivity of stem cell-derived neurons will need to be thoroughly investigated, in order for patients to receive perceptual benefits.
"Bench to the Bedside"-Clinical Considerations for Using Human Stem Cells in an Auditory Neuron Replacement Therapy
The possibility of combining cochlear implants with stem cell-derived neurons offers the possibility of expanding the number of patients that can gain benefits from this prosthetic device. Though data from research studies using hESCs or iPS cells for cell replacement therapies have been encouraging, numerous considerations need to be made prior to their translation to the clinic. Perhaps the greatest drawback of using hESCs in a clinical environment relates to the ethical implications underlying their derivation. Additionally, hESCs are subject to immune responses which may lead to their rejection by the host [131] . Though immunosuppressive therapy can counteract hESC rejection, it compromises the host's ability to combat opportunistic infections, and may have side effects including kidney failure, osteoporosis, diabetes, and hypertension [131] . Both hESCs and iPS cells also have the potential to induce formation of teratomas; however, it has been suggested that identification of the "ideal" stage of stem cell differentiation at implantation and microenvironmental cues from the host which promote cell survival could reduce the risk of tumor formation [132] [133] [134] . It has been implied that the cues necessary for tumor formation varies between individuals, hence transplantation of stem cells during the "optimal" therapeutic time window is pivotal to avoid teratoma formation [133] . In summary, the ethical complications and possibility of immune rejection using hESCs, present a window of opportunity for iPS cells to become the cell type of choice for neural replacement strategies, as long as they can be successfully manipulated.
Individualized stem cell based therapy is one of the latest advances in regenerative medicine. Although both embryonic and adult stem cell types have already been delivered into the mammalian cochlea to replace auditory neurons, iPS cells are particularly appealing due to their autologous nature and non immunogenic properties, which distinguishes them from other stem cell types. It has been shown that iPS cells have the capacity to differentiate and functionally integrate into the host environment, hence their use is highly desirable therapeutically [48] . The ability to directly differentiate a patient's own cells to a desired lineage and then transplant these cells to restore function (without evoking an immune response) is understandably attractive. However, it's translation as a routine clinical application needs further development and refinement, due to the safety and technical complications which require careful consideration. The foremost concern prior to widespread application of any medical technique is patient's safety. The risk of iPS cell-derived cells triggering tumorigenicity (possibly malignant) upon transplantation may outweigh the benefits of using stem cell therapy for hearing loss. This is particularly true considering hearing loss is not a fatal condition, therefore any therapy must result in improvements for the patient.
Given the relatively new nature of iPS cell therapy, there is currently no efficient and routine procedure for the generation of auditory neurons. The main requisite prior to medical application of iPS cells is the implementation of a standardized systematic protocol for the generation of a rigorously characterized stem cell line which is safe for clinical application. It needs to be noted that there is great variability in the behavior of different iPS cell lines, even when produced from the same individual. Additionally, there are differences between ESCs and iPS cells in terms of their responsiveness to environmental cues. Therefore further analysis of these differences needs to be taken into account prior to the clinical application of iPS cells.
The ideal attributes of iPS cells for clinical use include production without integrating vectors, pre-differentiation to the required lineage to avoid teratomas, ability to differentiate to an appropriate lineage with high specificity in vitro, and functional integration after transplantation. In a recent study, it was reported that iPS cells retain a transient epigenetic memory of their somatic cell of origin which could influence their differentiation potential [135] . Therefore, further assessment of the impact of the retained transient epigenetic memory of the iPS cell's somatic cell of origin should be considered in the development of a clinical therapy. Additionally, iPS cells need to be screened to identify pre-existing genetic and epigenetic abnormalities or mutations that may have arisen from their reprogramming, and which may initiate undesirable side effects post-transplantation [136] .
Though it is advantageous to obtain patient specific or allogenic iPS cells, its feasibility in the clinic needs further development due to the length of time required for cell isolation, the high cost, and the technical challenges involved in genetically manipulating these cells. Therefore the future of iPS cell production requires a high-tech but cost effective technology, which has the capacity to generate clinical grade iPS cells of the required cell lineage on an industrial scale. Given these considerations, large-scale cell banks are being developed for iPS cell therapies in future and this may prove a more clinically feasible option, should large numbers of cell lines be developed [137] .
Finally, it should be noted that all studies to date have been conducted in animal models, therefore differences between human and animal physiology need to be accounted for. Further studies comparing human iPS cell lines are required to establish the conditions required for their successful differentiation and engraftment into the deafened cochlea. To date there are no published accounts of combined stem cell/ cochlear implantation in animal models of deafness, and such studies will be essential in terms of developing this technology for its clinical use in the future.
